INTRODUCTION
Geophagy, or the ingestion of earth, is a universal, ancestral practice that is particularly common in populations of African origin and disadvantaged social classes. [1] [2] [3] A close link between this practice and iron-deficient anemia has been clearly established. [3] [4] [5] [6] [7] [8] The compulsive consumption of non-nutritional substances, or pica, is most prevalent during pregnancy.
The population of West French Guiana consists mostly of the descendants of black slaves. In this population, which has a low socioeconomic status, geophagy is on the increase, particularly among pregnant women, and this has led to an increase in the incidence of severe iron-deficient anemia during pregnancy. 9 A number of studies have highlighted the presence of aluminum in the clays consumed by geophagous individuals, but no study has yet explored the possibility of aluminum absorption in the context of geophagy. 5, 6, 10, 11 The results of animal studies suggest that most of the aluminum ingested is potentially toxic to the mother and the developing brain of the fetus. 12 We tested the hypothesis of an overexposure to aluminum associated with geophagy. We carried out a prospective transverse study in 2009, in which we determined blood and urinary aluminum concentrations blindly in pregnant women displaying chronic clay consumption behavior identified on the basis of the characteristics of their anemia and also in non-geophagous pregnant women as controls.
METHODS
Study type and population. This transverse study was carried out in 2009 on pregnant women consulting at St. Laurent du Maroni (a town in French Guiana on the border with Suriname) at mother-and-child centers, the offices of doctors in private practice, or the maternity unit of West French Guiana Hospital (CHOG). The reference maternity unit has a catchment population of 70,000 inhabitants, and it carried out 2,317 deliveries in the year of the study.
Based on the experiences of the medical teams and the findings of published studies, we decided to construct the geophagy group in two stages. Because the regular consumption of clay is associated with anemia, we decided to focus on women with severe anemia who remained severely anemic over the period corresponding to two blood samples as a means of selecting only women who regularly consumed earth. [3] [4] [5] [6] [7] [8] We then selected only those women who had no other identified cause of anemia and who admitted that they regularly consumed earth. The inclusion criterion for the geophagy group was being a pregnant woman with a hemoglobin (Hb) concentration of ≤ 85 g/L on the most recent hemogram obtained during the current pregnancy. Data concerning family situation, obstetric history, and clay consumption ( Tables 1 and 2 ) were collected on inclusion. An examination focusing on anemia and renal function was carried out and included hemogram, hemoglobin electrophoresis, and determinations of red blood cell counts, ferritinemia, reactive protein C concentration, soluble transferrin receptor levels, haptoglobin concentration, lactate dehydrogenase activity, free and conjugated bilirubin concentrations, pyruvate kinase and glucose-6-phosphodehydrogenase (G6PD) activities, vitamin B12 and erythrocyte folate concentrations, creatinemia, uremia, natremia, blood lead concentration, and parasitological analysis of stools. On the same day, blood and urine samples were collected for the determination of aluminum concentrations. Because the patients were not living in a zone of endemic malaria, screening for blood parasites was not systematically carried out. The criteria for exclusion from the geophagy group were a hemoglobin concentration exceeding 90 g/L on the hemogram of the evaluation, the identification of a cause of anemia other than geophagy, and an absence of geophagy.
The control group consisted of pregnant women with an Hb concentration of at least 105 g/L on the most recent hemogram since the start of the pregnancy who did not consume clay. The same medical history data were collected as for the geophagy group. For the clinical examination, only the hemogram and determinations of ferritinemia, vitamin B12 concentration, erythrocyte folate concentration, and urinary and blood
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Women in the Bas Maroni Region of French Guiana: A Case-Control Study concentrations of aluminum were carried out. We excluded from this group all women for whom a hemogram carried out as part of this study revealed an Hb concentration below 100 g/L. Written or oral (for illiterate women) consent was obtained from the women included in the study or from their legal guardian (for minors), and the women were free to decide whether to complete the questionnaire. This protocol was approved by the institutional review board of the CHOG. Samples were analyzed blindly by the laboratories.
Laboratory techniques. Some of the analyses were carried out by the polyvalent laboratory of the CHOG. More specialized analyses (determinations of plasma and urinary aluminum concentrations, blood lead concentrations, G6PD and erythrocyte pyruvate kinase levels, and soluble transferrin receptors) were carried out by the Pasteur Cerba laboratory (Saint-Ouen l'Aumône, France).
The principal difficulty in aluminum determinations is the risk of contamination during the pre-analytical phase. We were, therefore, careful to ensure that plasma and urine samples were collected in strictly identical conditions for the two groups. For blood samples, we used ethylenediaminetetraacetic acid (EDTA) K2 vacuum tubes (reference VF076SDK; Terumo Venosafe, Laboratoire Terumo France SA, Guyancourt, France) in accordance with the instructions of the manufacturer. Plasma aluminum concentration was determined by atomic absorption spectroscopy (AAnalyst; Perkin Elmer Inc., Waltham, MA). Urine samples were collected at the laboratory in polystyrene flasks. They were then subject to inductively coupled plasma mass spectrometry (ICP-MS; Agilent 7500; Agilent Technologies Inc., Massy, France).
Hemograms and red blood cell counts were determined on whole-blood samples (EDTA tubes) on the basis of multiangular diffraction and flow cytometry (Cell-Dyn 3200; Abbott France, Rungis , France). Hemoglobin electrophoresis was carried out with the Hemoglobin Testing System using the Bthal short program (Bio-Rad Laboratories Inc., Marne la Coquette, France) on whole-blood samples (EDTA tubes). Biochemical measures (total bilirubin, conjugated bilirubin, free bilirubin, lactose dehydrogenase, ferritin, reactive C protein, haptoglobin, urea, creatinine, and sodium and potassium levels) were determined on heparin-treated plasma or serum (haptoglobin) samples with a Dimension Xpand Plus machine (Dade Behring Inc., Courbevoie, France). Vitamin B12 and B9 concentrations (erythrocyte folate levels) were determined by Microparticle Enzyme Immunoassay chemiluminescence (AxSYM; Abbot Diagnostics Inc., Chicago, IL). G6PD and erythrocyte pyruvate kinase activities were determined by enzyme assays on whole-blood samples (EDTA tubes). Plasma soluble transferring receptor levels were determined by immunoturbimetry. Blood lead concentrations were determined on whole-blood samples (EDTA tubes) by electrothermic atomic absorption spectrometry.
Five samples of white clay, known locally as pemba, were obtained from various sources (market sellers) and stored in transparent polystyrene tubes. They were analyzed in September 2008 by IPC-MS in the pharmacokinetics and clinical toxicology laboratory of Professor Jean-Pierre Goullé at Le Havre Hospital, Le Havre Cedex, France.
Statistical analysis. The data were analyzed with STAT 9.0 software (College Station, TX). Student t tests were used for comparisons of continuous variables, with non-parametric Mann and Whitney tests used for those that were not normally distributed. For qualitative variables, we carried out Pearson's χ 2 tests. Spearman's rank correlation analysis was applied to each group to test whether there was a direct, confounding relationship between aluminemia and hemoglobulinemia. Odds ratios (OR) were calculated with 95% confidence intervals (CI). A significance threshold of 5% was used. The normal range for aluminum concentrations used for reference was that generally used for non-dialyzed subjects by the laboratory analyzing the samples.
RESULTS

Analysis of the pemba samples.
The five samples of pemba tested displayed the characteristic metal composition of clays, with a predominance of aluminum (15,340 μg/g of sample) and silicon (10,201 μg/g of sample) ( Table 3 ). Calcium and iron were also present but at concentrations an order of magnitude lower (2,565 μg/g of sample and 1,080 μg/g of sample, respectively). Characteristics of two groups. In 2009, 103 severely anemic (Hb < 85 g/L) geophagous pregnant women agreed to participate in the study ( Table 1 ) . We included 98 of these women in the final study population. The other five women were excluded, because a higher Hb concentration was obtained on the hemogram carried out as part of the study protocol. During this period, we retained 75 of 93 controls initially identified. The women excluded from the control group displayed a decrease in Hb concentration on the hemogram carried out for the protocol. The mean age of the patients was 27 ± 6.9 years, with no difference in the age structure of the populations of women in the two groups. Just over one-half of the women (51% of the anemic women and 55% of the controls; P = 0.71) had more than three children. Seventeen control women and 13 anemic women ( P = 0.45) had had pregnancies very close together (less than 1 year between the last delivery and the start of the next pregnancy). The onset of anemia was generally toward the end of the first 6 months of pregnancy, whereas the control women were generally to be recruited at about 18 weeks of amenorrhea ( P < 0.001). More than one-half of the pregnant women had no access to a reliable source of drinking water and drank rainwater or water from small water courses, with no difference between the two groups for this factor ( P = 0.5).
Biological characteristics of the two groups. Mean Hb concentration on the hemogram at inclusion was 67 ± 9.8 mg/L for the geophagous patients and 112 ± 8.8 mg/L for the controls ( P < 0.001) ( Table 4 and Figures 1 and 2 ) . The red blood cell populations of the two groups had different characteristics, with microcytosis (mean globular volume of 66 ± 8.8 μm 3 for the anemic women versus 82.7 ± 5.7 μm 3 for the controls; P < 0.001) and hypochromia (corpuscle Hb concentration of 27.9 ± 2.4% in the anemic women versus 33.2 ± 2% in the controls; P < 0.001) lower in the anemic women. Ferritinemia was also lower in these patients than in controls (6.6 ± 4.8 versus 17.6 ± 23; P < 0.001), whereas vitamin B12 (172.7 ± 73.1 versus 186.6 ± 85.5; P = 0.25) and erythrocyte folate concentrations (689.1 ± 360.3 versus 689.1 ± 566.5; P = 0.89) were similar in the two groups. Detailed investigation of the geophagous women confirmed the non-regenerative, iron-deficient nature of the anemia (ferritinemia = 6.6 μg/L; red blood cell count = 98,541/mm 3 ; transferrin receptor concentration = 14.26 mg/L). No digestive tract carriage of hematophagous helminths was observed. Also, the absence of signs of hemolysis ruled out the possibility of serious thalassemia, which is, in any case, very rare in the Maroni populations. Blood lead levels were normal in the patients (0.22 μmol/L). Aluminum concentrations were significantly higher ( P < 0.0001) in the geophagous anemic women than in the controls, with OR of 6.83 (95% CI = 2.72-19.31) for plasma concentrations and 5.44 (95% CI = 2.17-14.8) for urinary concentrations. Considerable variability in these concentrations was observed in the geophagous group. There was no significant correlation between hemoglobin concentration and aluminemia in either the geophagous (Spearman's ρ = −0.06; P = 0.5) or the control group (Spearman's ρ = 0.16; P = 0.17).
Pemba consumption data recorded in the patients' medical history. In total, 71 of 98 women in the geophagous group agreed to provide details of their geophagy during informal interviews ( Table 2 ) . Most stated that they regularly consumed earth, with only 15 (21%) considering their consumption to be occasional. The frequency of their purchases of balls of pemba (each weighing about 500 g) provided a rough estimate of the amounts of earth ingested. There was considerable diversity between individuals, with the largest consumers (17% of those questioned) buying two or more balls of pemba per week and 27% having bought only one ball of pemba during the pregnancy. Most women ingested the pemba with water (30%) or by itself (47%), the saliva transforming the powder into a mouthful of paste that was swallowed directly. Some women also reported ingesting pemba with beer (11%), milk (6%), or in a small minority of cases (3%), soda or citrus juice. One woman added the pemba to cooked dishes. Another consumed pemba only with plants as part of a traditional remedy for stomach ache. Most of the women complained of dependence on pemba. Those expressing themselves on this subject were aware of the danger to their health of this practice and were worried about its effects on their babies, but they were unable to stop consuming pemba, despite advice to do so from medical professionals or family and friends.
DISCUSSION
In the Bas Maroni region, severely anemic and geophagous pregnant women are more likely than non-geophagous non-anemic women to have plasma and urinary aluminum concentrations above the upper limit of the normal range.
Balls of pemba produced from the clay soils around Moengo, a town in Suriname known for its bauxite mines, are widely available from the markets of St. Laurent du Maroni. The pharmacopeia of this region is very rich, and pemba has traditionally been used among the Djukas in small quantities during pregnancy. 13 Pregnant women who are very fond of pemba may eat large quantities of it, but this consumption is often denied or played down. The feelings of guilt associated with geophagy, which has been stigmatized since the times of slavery and subsequently, by doctors, precluded recruitment based solely on declared pemba consumption. 14 We, therefore, deliberately decided to use severe iron-deficient anemia of unknown cause as a surrogate for regular consumption of pemba to ensure that we obtained representative information about geophagy. The lack of correlation between hemoglobin and aluminum concentrations ( Figure 2 ) suggests that the link between pemba consumption and aluminemia was not caused by a confounding effect of differences in hemoglobulinemia between groups. It was difficult for the interviewers to obtain spontaneous and reproducible responses concerning the amounts consumed and the chronology of pemba intake. The interview data ( Table 2 ) were too imprecise to show a correlation between the quantity ingested and Hb or aluminum concentration. Constitution of the control group was more difficult than anticipated because of the low socioeconomic status of the population, which resulted in few women having a hemoglobin concentration greater than 105 g/L, the threshold used to define anemia during pregnancy. 15 This, together with a widespread fear of blood sampling, accounts for the control group being smaller than the study group.
The difficulties encountered in the recruitment of nonanemic women in this study also reflect the high frequency of geophagy in this population. 6 This compulsive consumption of earth has many consequences, and the balance between the advantages and risks remains a matter of heated debate. 16, 17 Geophagous individuals prefer clays, like those eaten by the Maroni women. Clays are complex materials consisting of negatively charged microcrystalline leaflets delimiting interleaflet spaces in which cations are adsorbed. 18 Their mineralogical composition includes primarily aluminum and silicon together with variable quantities of other chemical elements, as shown by the chemical analyses of the pemba consumed by our patients ( Table 3 ). Because of their unusual chemical structure, clays form colloidal suspensions with water, and they are able to absorb all sorts of toxic substances on their surfaces and exchange cations with the surrounding environment. 7, 19, 20 These exchanges are the cause of the iron deficiency of geophagous women through the chelation of iron ions by the clay matrix.
3, 21 Hooda and Henry, 1 who investigated the movements of iron, copper, and zinc in the digestive tract of geophagous individuals, concluded that, despite being rich in metallic micronutrients, clays tend to aggravate various mineral deficiencies by decreasing their intestinal bioavailability; this is particularly true for iron. 1, 22, 23 The characteristics of the severe anemia observed in our patients are entirely consistent with those reported in other studies: microcytosis, very low ferritin concentrations, and high levels of transferrin receptors-all features indicative of profound iron deficiency. 5, 6, 21 Geophagy was the only element in the medical histories of these patients that could account for this iron deficiency. Indeed, socioeconomic status, parity, and time between pregnancies were similar in the anemic and control groups. An increase in the bioavailability of calcium and lead has occasionally been reported in geophagous individuals. 17, 19, 25 We were able to rule out induced saturnism, which might have worsened anemia, in our patients (mean blood lead level = 0.22 ± 0.13 μmol/L). We did not determine calcium concentrations. Paradoxically, aluminum fluxes have not been studied in detail by specialists in the field of geophagy, despite the abundance of this metal in clays. It has been assumed that aluminum is stably trapped in the microcrystalline matrix in the form of aluminum silicate complexes, which have a low bioavailability. Nevertheless, Callahan 11 did raise the question of the possible release of aluminum during clay ingestion and of the immunological adjuvant properties of this metal stimulating immunoglobulin A (IgA) production in the intestinal walls of earth eaters. Kawai and others 6 suggested that the presence of aluminum, which is hemotoxic, might aggravate the anemia of his patients. Studies of clay soils in natural environments have shown that, in certain conditions of salinity and pH resembling those in the digestive system, aluminum release may occur. 26 Aluminum, the most abundant metallic element on Earth, is ubiquitous in our environment. It is found in kitchen utensils, packaging, tap water flocculants, food additives, antiperspirants, and antacid medication, for example. 26 In a report on the studies of the United States Food and Drug Administration, Priest 27 estimated that daily aluminum intake is of the order of 10 mg in populations with a Western-style diet. Antiacid drugs, produced from clays very similar to those preferred by geophagous individuals, may supply up to 1 g of aluminum per day, about ten times as much as a normal diet. 27 Aluminum ingestion, whether dietary or medical, is followed by very low levels of absorption in the digestive tract of the order of 1%. This absorption is greatly increased by the concomitant intake of citrate, which is present in citrus juices, soda, and some beers that are often taken with pemba. 27, 28 No significant difference was found between our anemic patients and controls in terms of easily identifiable sources of aluminum, such as drinking water (the aluminum content of drinking water in West French Guiana regularly exceeds recommended limits) and the consumption of drinks from metal cans. If we also consider plasma folate and vitamin B12 concentrations, we can assume that the women in the two groups had largely similar dietary habits. We were unable to investigate dietary aspects further. The care staff found no evidence of abusive antacid consumption. We, therefore, conclude that the marked difference in plasma and urinary concentrations of aluminum between the two groups was probably directly linked to geophagy.
After absorbed, aluminum has a half-life of several hours in the blood; it is almost completely eliminated in urine over the course of several days. A small amount of aluminum (about 1%) is stored in the bones and brain. The plasma aluminum concentrations of our patients were between 0 and 71 μg/L, and the urinary aluminum concentrations were between 0 and 1,550 μg/L, with the upper limits of the normal range being 10 μg/L and 20 μg/L, respectively. The short half-life of aluminum in the blood and the random timing of sampling with respect to pemba ingestion probably account for the considerable variability of the concentrations observed ( Figure 1 ). Few data are available concerning the acute oral toxicity of aluminum. Signs of lethal encephalopathies do not seem to occur until plasma concentrations are of the order of 500 μg/L. 26 By contrast, chronic hematological effects are observed at plasma aluminum concentrations of about 100 μg/L along with the onset of reversible hypochromic anemia in dialysis patients caused by the direct effects of aluminum on erythrocyte progenitors and possibly, an additional chelation effect; this effect would account for the difficulties encountered when trying to correct the anemia of geophagous individuals by iron supplementation. [29] [30] [31] The lack of correlation between hemoglobin and aluminum concentrations suggests that aluminum played only a minor role in the anemia of our patients, at least for concentrations of 10-100 μg/L. Neurocognitive problems and subtle electroencephalographic changes have been observed in aluminum workers with urinary aluminum concentrations of the order of 41 μg/L, a level reached in one-third of our patients. 32, 33 The prospect of fetal damage is even more worrying, because aluminum crosses the placenta and may become fixed in the fetal brain, disturbing its development. 12, 34 Reports of psychomotor abnormalities in young rats born to dams fed clay during the gestation period seem to confirm this hypothesis. 35 Geophagy, therefore, seems to provide a potentially large dietary supply of aluminum.
Aluminum is found in all the types of earth consumed by geophagous individuals and is undoubtedly a key element in the pathogenic effects of this practice. The findings that we report draw attention to a much neglected aspect of pica: the risk of overexposure to aluminum and its possible consequences for the neurocognitive capacities of geophagous individuals, their hematological status, and the neurological development of the fetuses that they bear. Clays are highly complex chemically, and aluminum bioavailability is highly sensitive to the surrounding factors. Additional studies are, therefore, required to confirm our findings for other types of clays in other social and cultural contexts. The systematic use of IPC-MS for determinations would also greatly improve the quality of studies of this type. 36 If the absorption of large quantities of aluminum in geophagous individuals is confirmed, then the clinical consequences of this absorption for pregnant women and their offspring should be explored.
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